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Abstract
In noncentrosymmetric superconductors (NCSs), the conversion of a charge current into spin
magnetization - the so called magnetoelectric effect - is the direct indicator of the unconventional,
mixed-parity order parameter. This paper proposes a scheme to detect the magnetoelectric effect
by anomalous, equal-spin Andreev tunneling in NCS/ferromagnet contacts. The proposal relies
on the ability to generate spin-polarized triplet pairing by passing an electric current through an
NCS. Such an induced triplet pairing bears a similarity to the paradigmatic nonunitary pairing
in triplet superfluids with a complex vector order parameter d. The qualitative difference is that
the induced nonunitary state can be realised in NCSs with a purely real d by breaking the time-
reversal symmetry in current-biased setups. This offers a possibility to access the unconventional
superconductivity in NCSs through electrical transport measurements.
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I. INTRODUCTION
Superconductivity in materials that lack a center of inversion symmetry does not fit into
traditional classification of superconducting states invoking definite (even or odd) spatial
parity (see, e.g., Refs. [1–6]). Such noncentrosymmetric superconductors (NCSs) exhibit an
antisymmetric spin-orbit coupling (SOC) and, as a result, the mixing of the even-parity, spin-
singlet and odd-parity, spin-triplet Cooper pairs. Among intriguing physical consequences
of the parity mixing are magnetoelectric effects manifested in the conversion of a charge
current into spin magnetization and vice versa (see, e.g., Refs. [7–10]), the nonuniform
(helical) superconducting order [11, 12] as well as topological bulk and surface properties
(see recent reviews in Refs. [5] and [6]).
A close analogue of the intrinsic noncentrosymmetric superconductivity is the mixed-
parity superconducting proximity effect in hybrid structures of conventional superconductors
and normal noncentrosymmetric materials [13]. It is particularly well pronounced in topolog-
ical insulators owing to their extraordinary large SOC [14–16]. In such proximity structures,
the spin-momentum locking converts singlet Cooper pairs into a mixture of induced singlet
and triplet states [17–30]. The induced triplet condensate has no net spin magnetization
since, by time-reversal symmetry, the pairs with both spin projections Sz = ±1 occur (see
also Fig. 1). Such an induced state resembles intrinsic NCSs lacking a z → −z inversion
symmetry, where the SOC is described by the Rashba Hamiltonian
Hso = σ ·Ωk, Ωk = αso(k × z) = αso[ky,−kx, 0]. (1)
Above, σ is the Pauli matrix vector and Ωk is the SOC field depending on the electron wave
vector k; αso is the SOC constant and z is the unit vector in the z-direction.
On the experimental side, much effort has been put into proving the parity mixing in
intrinsic NCSs, using the measurements of the nuclear magnetic resonance relaxation rate,
the magnetic penetration depth, thermal conductivity, etc. (see recent reviews in Refs. [3]
and [6]). As for the proximity structures, a number of electron transport measurements
have been conducted on topological insulator materials (see, e.g., Refs. [31–41]), reporting
signatures of the spin-momentum-locked surface states. Despite a diverse range of observed
properties, the key indicator of the mixed parity in both intrinsic and proximity NCSs - the
magnetoelectric effect predicted by Edelstein [7] - has not been verified yet.
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FIG. 1. Top: Schematic of a mixed-parity proximity effect in a topological insulator (TI) coupled to
a conventional (s-wave singlet) superconductor (S). The surface spin-momentum-locking facilitates
conversion of singlet Cooper pairs into a mixture of singlet and triplet states. Bottom: Examples
of inversion symmetry breaking in NCSs: ABC layer stacking (e.g., in tetragonal systems) and
two-dimensional systems (interfaces, monolayers and heterostructures) in a perpendicular electric
field (adapted from Ref. [52]).
This paper is concerned with the observability of the direct magnetoelectric effect in
charge transport in NCSs. Some earlier theoretical predictions include spin Hall effects
and nonequilibrium spin accumulation in superconducting structures [42–45], electrically
controllable spin filtering in topological surfaces states [46] and magnetoelectric 0− pi tran-
sitions in quantum spin Hall insulators [47]. The present paper elaborates on an interesting
connection between the magnetoelectric effect and the nonunitary Cooper pairing in triplet
superfluids and superconductors, which was pointed out in Ref. [26]. In nonunitary triplet
superfluids and superconductors [48–50], Cooper pairs carry a net spin magnetic moment
∼ idk×d∗k associated with a complex vector order parameter dk. It turns out that a similar
spin-polarized state can be induced in topological insulator/superconductor hybrids by an
electric supercurrent [26]. Such a possibility is rather counter-intuitive since in such hybrid
structures there is no pairing interaction in the triplet channel, hence dk = 0. The role of
the d-vector is assumed by the amplitude f(E,k, q) of the triplet pair correlations induced
via the proximity effect in the topological insulator (where E is the energy with respect to
the Fermi level, while q is the phase gradient created by the supercurrent). In other words,
f(E,k, q) is a quantitative measure of the singlet-triplet pair conversion under the Rashba
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FIG. 2. Schematic of the charge-to-spin conversion in an NCS and its detection by a ferromagnetic
(F) contact. An electric current is applied to the NCS, creating a phase gradient q parallel to
the NCS/F interface. The combined effect of the phase gradient and SOC generates Cooper-pair
spin polarization described by the axial vector if × f∗. To detect it, the electric conductance is
measured in the direction perpendicular to the interface in the presence of a (small) bias voltage V .
The detection scheme exploits the dependence of the Andreev tunneling on the relative orientation
of the pair spin polarization if × f∗ and magnetization m [see also Eq. (4)]. For concreteness, a
Rashba NCS is assumed. In a cubic NCS, the pair spin polarization would be parallel to q.
SOC. Furthermore, the axial vector if(0,k, q)× f ∗(0,k, q) yields the current-induced pair
spin polarization at the Fermi level [26]:
if(0,k, q)× f ∗(0,k, q) ∝ α3so(q × z), (2)
where the bar means averaging over the k directions. This result just means that a charge
current is converted into spin magnetization of the superconducting condensate, a form of
the magnetoelectric effect pioneered in normal metals by D’yakonov and Perel’ [51] and
studied later in NCSs by Edelstein [7] and other authors (see, e.g., Refs. [8–10]). The
essential difference is that, here, the polarization (2) is carried by triplet Cooper pairs and
manifests itself in the Andreev (two-particle) tunneling.
The present paper generalizes the above findings beyond the proximity-effect model as-
sumed in Ref. [26]. Here, we consider intrinsic NCSs, taking into account the triplet pairing
interaction represented by a real d-vector. In particular, we focus on two-dimensional (2D)
NCSs with the Rashba SOC (1) and three-dimensional (3D) NCS of the cubic crystal group
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with the linear SOC:
Ωk = αsok = αso[kx, ky, kz]. (3)
To observe the pair spin polarization, we suggest to measure the Andreev conductance of
a tunnel junction between a current-biased NCS and a ferromagnet. The idea is to exploit
an analogy with the spin-valve effect, as illustrated in Fig. 2. Similar to spin valves, the
conductance of an NCS/ferromagnet junction should depend on the relative orientation of
the magnetization m in the ferromagnet and the average spin polarization if × f ∗ in the
NCS, the latter being controlled by an applied supercurrent. The switching of the magnetic
configuration of the junction is achieved by reversing the supercurrent direction, i.e. by
changing the sign of the phase gradient q → −q. This produces the change in the tunneling
Andreev conductance, G(q) − G(−q) ∝ m · if(0,k, q)× f ∗(0,k, q) [26], which depends
strongly on the type of the NCS:
G(q)−G(−q) ∝
 z · (m× q), Rashba NCSs,(m · q), cubic NCSs. (4)
The main conclusion is that the Andreev tunneling is asymmetric with respect to the su-
percurrent direction specified by vector q. This asymmetry could serve as a clear smoking
gun for the magnetoelectric charge-spin conversion in NCSs, which is also interesting in the
context of superconducting spintronics [53–55]. The following sections clarify the details of
the theoretical model and methods used and provide extended discussion of the results.
II. INDUCED NONUNITARY SPIN-TRIPLET PAIRING IN NONCENTROSYM-
METRIC SUPERCONDUCTORS
In this section, we examine the spin-polarized triplet pairing in NCSs carrying a dis-
sipationless electric current. There is an instructive parallel here with the paradigmatic
nonunitary pairing in triplet superfluids and superconductors with a complex d-vector sat-
isfying idk×d∗k 6= 0 [48–50]. To illustrate this point, we adopt the description of the Cooper
pairing in terms of the Green function of the superconducting condensate
Fˆ (E,k) = [f0(E,k) + f(E,k) · σ]iσy. (5)
It is written in the standard singlet-triplet spin basis, where f0(E,k) and f(E,k) are the
orbital amplitudes of the singlet and triplet pair correlations, respectively. The use of the
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condensate Green function is motivated by two further circumstances: Fˆ (E,k) is directly
related to observable transport properties, and it allows for a broader classification of the
Cooper pairing which covers the hybrid structures [56, 57] and driven superconductors [58].
Following Ref. [48], we call the pairing nonunitary if the product Fˆ Fˆ † is not proportional
to a unit spin matrix. Using Eq. (5), we find
Fˆ Fˆ † = (|f0|2 + f · f ∗)1ˆ + (f ∗0f + f0f ∗) · σ + (if × f ∗) · σ, (6)
where 1ˆ stands for the unit spin matrix (the arguments E and k are suppressed for brevity).
The second and third terms above indicate the nonunitary pairing due to the lack of the
inversion and time-reversal symmetries, respectively. We are interested in the latter case,
as it pertains to spin-polarized triplet states. We will see that the current-induced pairing
and the intrinsic pairing with a complex d-vector are both characterised by a nonvanishing
axial vector if × f ∗ representing Cooper-pair spin polarization. The f -vector formalism
allows one to extend the paradigm of the nonunitary pairing beyond its original context,
e.g., some ferromagnet/superconductor [59, 60] and topological insulator/superconductor
[26] structures can exhibit the spin polarization if × f ∗, although there is no intrinsic
triplet interaction, and dk = 0. In such cases, one can speak of an induced nonunitary
pairing. The latter can be defined as the triplet pairing with a nonzero spin polarization
if × f ∗ induced by a time-reversal symmetry breaking irrespective of the d-vector. The
current-induced pairing in NCSs falls precisely into this category because it stems from the
combined effect of the SOC and supercurrent and does not require a complex d-vector. As an
example, we consider the NCSs with a real d-vector proportional to the SO field [1, 3, 4, 6]:
dk = λΩk, (7)
where λ is the proportionality coefficient.
A. Condensate Green function for a mixed singlet-triplet pairing interaction
We begin by briefly reviewing some relevant results for the condensate Green function
of a mixed-parity superconductor in the presence of both SOC and supercurrent [61]. The
normal system is treated as a single-band conductor with the Hamiltonian
hˆ = ξk + σ ·Ωk, (8)
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consisting of a spin-independent isotropic dispersion ξk (measured from the Fermi level)
and the SOC. The superconducting state is described by the Bogoliubov-de Gennes (BdG)
Hamiltonian
Hˆ =
 ξk+q + σ ·Ωk+q ∆ˆk
∆ˆ†k −(ξ−k+q + σ ·Ω−k+q)∗
 , (9)
where ∆ˆk comes from the pairing interaction in both even-parity, spin-singlet and odd-parity,
spin-triplet channels and is given by
∆ˆk = (∆k + dk · σ)iσy, ∆−k = ∆k, d−k = −dk. (10)
The singlet pair potential ∆k is assumed to be isotropic in k space. Furthermore, the wave-
vector shift q in Eq. (9) accounts for the presence of a superconducting phase gradient
associated with a dissipationless electric current. It is assumed to be weak enough to disre-
gard the depairing effects in ∆ˆk. We note in passing that for q = 0 and a d-vector (7) the
excitation spectrum consists of two spin-split branches
E
(1)
k = ±
√
(ξk + |Ωk|)2 + |∆k + λ|Ωk||2,
(11)
E
(2)
k = ±
√
(ξk − |Ωk|)2 + |∆k − λ|Ωk||2.
The current can be treated as weak if the typical kinetic energy of a Cooper pair, h¯v
F
|q|, is
much smaller than the excitation gaps |∆k ± λ|Ωk||.
We are interested in the Green function, Gˆ(E,k), of the BdG equation:
(E − Hˆ)Gˆ(E,k) = Iˆ , (12)
where Iˆ is a 4× 4 unit matrix, and Gˆ(E,k) is a matrix of the form
Gˆ(E,k) =
 Gˆ(E,k) Fˆ (E,k)
Fˆ †(E,k) Gˆ(E,k)
 . (13)
Above, each entry is a 2×2 matrix in spin space: Gˆ(E,k) and Gˆ(E,k) are the quasiparticle
Green functions, while Fˆ (E,k) and its hermitian conjugate Fˆ †(E,k) are the anomalous
(condensate) Green functions. Eq. (12) can be written explictly as
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 E+ − σ ·Ω+ −(∆ + d · σ)iσy
iσy(∆
∗ + d∗ · σ) E− + σ∗ ·Ω−

 Gˆ Fˆ
Fˆ † Gˆ
 = Iˆ .
For ease of calculation we suppress the arguments of the Green functions and introduce the
shorthand notations
E+ ≡ E − ξk+q, E− ≡ E + ξ−k+q, (14)
Ω± ≡ Ω±k+q, ∆ ≡ ∆k, d ≡ dk. (15)
The solution for the condensate function Fˆ has the general form of Eq. (5) (see also Ref.
[61]), with the singlet and triplet pair amplitudes defined as
f0 = D0/Π, f = D/Π, (16)
Π = (D20 −D2)/(∆2 − d2), (17)
where the scalar D0 and vector D are given by
D0 = ∆(E+E− + Ω+ ·Ω− − |∆|2) + E+Ω− · d+ E−Ω+ · d+ i (Ω− × ·Ω+) · d+ ∆∗d2,(18)
D = (∆E− + Ω− · d)Ω+ + (∆E+ + Ω+ · d)Ω− + ∆2d∗ + (E+E− −Ω+ ·Ω− − d · d∗)d
+ d× (d× d∗) + i∆ Ω+ ×Ω− + iE+d×Ω− − iE−d×Ω+. (19)
Because of the interplay of the d vector, SOC and supercurrent, the triplet pair correlations
have a rather rich structure. In particular, the vector cross product terms in Eq. (19) are
specific to the intrinsic and induced nonunitary pairing.
The case of the intrinsic nonunitary pairing [48] is recovered by setting the singlet pair
potential ∆ = 0 and SO fields Ω± = 0 in Eqs. (18) and (19) (see also Ref. [61]). Then, for
the axial vector if × f ∗ one readily finds
if × f ∗ = (E
2 − ξ2k)2 −∆2+∆2−
(E2 − ξ2k −∆2+)2(E2 − ξ2k −∆2−)2
id× d∗, (20)
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where ∆± =
√
d · d∗ ± |id× d∗| are the energy gaps for the pairing with the net spin
projection parallel (+) and antiparallel (−) to vector id×d∗. In this case, the vector if×f ∗
is simply proportional to id× d∗, carrying essentially the same information. An interesting
question is whether the polarization if×f ∗ can occur in a superconducting condensate with
a purely real d-vector, where id× d∗ = 0. Such a possibility is rather counter-intuitive, as
it does not fit into the standard picture of the nonunitary pairing [48]. Nevertheless, such a
possibility does exist in mixed-parity NCSs driven by an electric supercurrent. In this case,
we encounter an induced triplet state whose formal classification bears a similarity to the
intrinsic nonunitary pairing.
B. NCSs with real d-vectors
Here, we examine the induced nonunitary pairing in NCSs with a real d-vector given by
Eq. (7). In this case, Eq. (19) for vector D reduces to
D = (∆E− + Ω− · d)Ω+ + (∆E+ + Ω+ · d)Ω−
+ (∆2 + E+E− −Ω+ ·Ω− − d2)d (21)
+ i∆ Ω+ ×Ω− + iE+d×Ω− − iE−d×Ω+.
To proceed further, we notice that for any linear-in-k SOC we can write the d-vector in Eq.
(7) as
d =
λ
2
(Ω+ −Ω−), Ω± = ±Ωk + Ωq. (22)
This helps to cast Eq. (21) into a simpler form
D = ∆′(E ′−Ω+ + E
′
+Ω− + iΩ+ ×Ω−), (23)
with the renormalized scalar factors
∆′ = ∆ +
λ
2
(E+ − E−), (24)
E ′+ = E+ −
λ
2∆′
(∆2 + E2+ −Ω2+ − d2), (25)
E ′− = E− +
λ
2∆′
(∆2 + E2− −Ω2− − d2). (26)
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FIG. 3. Schematic of the induced nonunitary pairing in a Rashba NCS. The supercurrent generates
the imaginary part of the f vector perpendicular to its real part lying in the SOC plane [see also
Eq. (27)], hence the pair spin polarization if × f∗ = 2Ref × Imf . In a cubic NCS, the pair spin
polarization would be parallel to the phase gradient q.
Now, the f -vector can be obtained from Eq. (16). For the purpose of this paper, it suffices
to calculate f at the Fermi level (E = 0). Restoring the arguments of the functions [see
Eqs. (14) and (15)], we find
f(0,k, q) =
∆′k,q
Π(0,k, q)
× (27)
[ξ′−k,q Ωk+q − ξ′k,q Ω−k+q + iΩk+q ×Ω−k+q],
where ∆′k,q and ξ
′
k,q are the renormalized functions
∆′k,q = ∆k −
λ
2
(ξk+q + ξ−k+q), (28)
ξ′k,q = ξk+q +
λ
2∆′k,q
(∆2k + ξ
2
k+q −Ω2k+q − λ2Ω2k). (29)
The scalar factor Π(0,k, q) is not essential here.
Perhaps the most noteworthy feature of the f -vector (27) is its complex-valuedness. The
imaginary term in Eq. (27) reflects broken time-reversal symmetry. It can be interpreted
as the spin torque exerted by a supercurrent within a Cooper pair. The torque depends
on the misalignment of the SO fields Ωk+q and Ω−k+q acting on the electrons in a Cooper
pair. In the absence of the supercurrent (q = 0), the torque vanishes since by time-reversal
symmetry the SOC vectors Ωk and Ω−k are antiparallel.
Furthermore, the imaginary part of the f -vector (27) is always orthogonal to its real part.
This is illustrated in Fig. 3. In the case of the Rashba SOC (1) both vectors Ω±k+q lie in
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the xy-plane, so does the real part of the f -vector. It describes a mixture of the equal-spin
triplets with the out-of-plane spin projections Sz = ±1. The imaginary part of the f -vector
points out of the SOC plane, yielding the amplitude of the triplet component with Sz = 0. In
the absence of the supercurrent, the Sz = 0 triplet is forbidden by time-reversal symmetry.
By analogy with the intrinsic nonunitary states [cf. Eq. (20)], the axial vector if × f ∗
can be used to characterise the induced pair spin polarization. From Eq. (27) we find
if(0,k, q)× f ∗(0,k, q) = 2∆
′2
k,q
Π(0,k, q)2
× (30)
(ξ′−k,q Ωk+q − ξ′k,q Ω−k+q)× (Ωk+q ×Ω−k+q).
Clearly, the induced spin polarization is odd in q. We can therefore linearise it with respect
to q, using the expansions for Ω±k+q in Eq. (22). The result is
if(0,k, q)× f ∗(0,k, q) ≈ 8∆
′2
k ξ
′
k
Π(0,k, 0)2
Ωk × (Ωk ×Ωq), (31)
where the renormalized functions ∆′k and ξ
′
k are given by Eqs. (28) and (29) with q = 0:
∆′k = ∆k − λξk, ξ′k = ξk +
λ
2∆′k
[∆2k + ξ
2
k − (1 + λ2)Ω2k]. (32)
Importantly, the spin polarization (31) does not vanish upon averaging over the directions
of the wave vector k. To prove this, we first notice that ∆′k and ξ
′
k are isotropic in k space
because by assumption ∆k, ξk, and |Ωk| = αsok all depend on the wave-vector modulus k
only. Moreover, the denominator Π(E,k, 0) (17), which yields the excitation spectrum (11),
is independent of the k direction as well. Then, the angle averaging can be done with the
help of the identity
ΩakΩ
b
k =
1
N
Ω2kδa,b, a, b = x, y, ..., (33)
which holds for any linear SOC. Above, Ωa,bk are the Cartesian components of the vector
Ωk = [Ω
x
k,Ω
y
k,Ω
z
k], and N is the dimensionality of the system, i.e. N = 2 for Rashba NCSs
and N = 3 for cubic ones. Besides, for Rashba NCSs the averaging in Eq. (33) applies only
to the x- and y-components since Ωzk = 0 in this case.
Combining Eqs. (31) and (33), we arrive at the following result for the averaged spin
polarization (see also Appendix A):
if(0,k, q)× f ∗(0,k, q) = 8(1−N)
N
α2so∆
′2
k ξ
′
kk
2
Π2k
Ωq, (34)
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where we introduce the notations
∆′k ≡ ∆′k, ξ′k ≡ ξ′k, Πk ≡ Π(0,k, 0), (35)
emphasizing the isotropic functions in k space. For the Rashba and cubic NCSs, Eq. (34)
yields
if(0,k, q)× f ∗(0,k, q) =
= −8α
3
so∆
′2
k ξ
′
kk
2
Π2k

1
2
(q × z), Rashba NCSs,
2
3
q, cubic NCSs.
(36)
Equations (34) and (36) are the main results of this section. They show that the induced spin
polarization depends sensitively on the type of a structural or lattice asymmetry resulting
in the SOC. Indeed, for Rashba NCSs the spin polarization is induced perpendicularly to
an applied supercurrent in the SOC plane [cf. Eq. (1)], while for cubic NCSs it is locked
parallel to the current [cf. Eq. (3)].
III. EQUAL-SPIN ANDREEV TUNNELING AND MAGNETOELECTRIC EF-
FECT IN NCS/FERROMAGNET JUNCTIONS: NEGF APPROACH
This section discusses the observability of the magnetoelectric spin polarization (34) in
Andreev reflection (AR) in NCS/ferromagnet junctions. It is assumed that the NCS is bi-
ased by an electric current applied parallel to the junction interface and creating the phase
gradient, q, in the direction of the superflow (see also Fig. 2). The current-induced polar-
ization (34) is carried by the spin of the AR pairs and, because of the spin-charge coupling,
produces an odd contribution to the electrical conductance proportional to q. In this respect,
the present case differs from the AR spectroscopy of both singlet and triplet superconductors
(see, e.g., Refs. [62–68]). Also, unlike the above-mentioned theories, to calculate the AR
current we use the tunneling Hamiltonian in combination with the nonequilibrium Green
function (NEGF) method of Ref. [69]. An advantage of this approach is that it does not
require a detailed specification of the interface between the normal and superconducting
systems, allowing for tunnel contacts of different types.
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Summarising the outcome of the NEGF calculation (described in detail elsewhere [69, 70])
we can write the AR current as I
A
(V ) = (2e/h)
∫∞
−∞A(E)[n(E − eV ) − n(E)]dE, where
n(E) is the Fermi distribution function on the normal side of the junction, V is the voltage
difference across the junction, and A(E) is the AR probability given by
A(E) = pi2
∑
k1k2kk′
tk1,kt
∗
k2,k
(
tk1,k′t
∗
k2,k′
)∗
× Tr
[
ρˆ
N
(E,k1)Fˆ (E,k)ρˆ
∗
N
(−E,−k2)Fˆ †(E,k′)
]
. (37)
Here, tk,k′ is the tunneling matrix element, ρˆN (E,k) and ρˆ
∗
N
(−E,−k) are the spectral func-
tions of a particle and a hole involved in the AR on the normal side [the hole behaves a
missing particle propagating back in time], and Tr means the spin trace operation. Equation
(37) holds for a gapped superconductor when the bias and thermal energies are both much
smaller than the single-particle excitation gap. For this reason, the AR probability contains
only the condensate Green functions of the superconductor, Fˆ (E,k) and Fˆ †(E,k). Also,
Eq. (37) admits a straightforward generalization in terms of the real-space Green functions.
This would not change our results qualitatively, as they reflect the bulk properties of the
materials.
As a suitable observable, we choose the zero-bias and -temperature conductance: G =
∂I
A
/∂V |V,T→0 = (2e2/h)A(0). It was calculated in Ref. [61], assuming a generic singlet-
triplet condensate function [see Eq. (5)] and the Stoner model for the ferromagnet. The
calculation is not specific to NCSs, so it suffices to quote the result
G =
2e2pi2
h
∑
k1k2α=±
∣∣∣∑
k
tk1,kt
∗
k2,k
[f0(0,k) + αf(0,k) ·m]
∣∣∣2ρα(0,k1)ρ−α(0,−k2) (38)
+
e2pi2
h
∑
k1k2α=±
∥∥∥∑
k
tk1,kt
∗
k2,k
[m× (f(0,k)×m)− iαf(0,k)×m]
∥∥∥2ρα(0,k1)ρα(0,−k2).(39)
Above, m is a unit vector specifying the magnetization direction in the ferromagnet, α = ±
denote the spin projections of the majority (+) and minority (−) states on the magnetization
direction m, and ρα(E,k) = δ(E − ηk + αJ) is the spectral weight for given spin state α
[where ηk and J are the band dispersion and the exchange energy].
Before focusing on the NCSs, let us briefly recapitulate some generic features of the model.
Eqs. (38) and (39) describe two AR processes that differ by the relative orientation of the
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particle and hole spins. One is the opposite-spin AR in which the hole spin projection, −α,
is antiparallel to that of the particle [see Eq. (38)]. This process creates a Cooper pair with
the zero total spin projection on the magnetization direction m. If f = 0, this is just the
usual AR expressed in the tunneling language. The other process involves the particle and
the hole with equal spin projections, α [see Eq. (39)]. In this case, the Cooper pair is created
in a triplet state with the spin projection ±1 on the magnetization direction m. Such equal-
spin AR takes place for non-collinear vectors f and m and is accompanied by the transfer
of the spin angular momentum ±h¯ and torques on the magnetization. We note that the
tunneling triplet pairs exert torques of the two types, m× (f ×m) and f ×m, both being
orthogonal to the magnetization. The equal-spin AR has also been demonstrated in other
systems by the real-space BdG method [71, 72] (see also Refs. [73–77] for superconducting
spin transport and torques in other contexts).
A striking example of AR occurs in junctions between NCSs and half-metallic ferro-
magnets that have only the majority states at the Fermi level. In this case, the ordinary
(opposite-spin) AR is completely suppressed, and the conductance G is entirely due to the
equal-spin AR, see Eqs. (38) and (39) with the vanishing minority-carrier spectral weight
ρ−(E,k) = 0. (40)
The conductance can be written as the sum of even- and odd-parity terms with respect to
m,
G = Geven +Godd. (41)
The expressions for Geven and Godd appear to be particularly simple for a disordered interface
with a Gaussian-distributed random matrix tk,k′ (see also Ref. [61]):
Geven =
2e2
h
Γ2+
∑
k
‖f(0,k, q)×m‖2 , (42)
Godd =
2e2
h
Γ2+m ·
∑
k
if(0,k, q)× f ∗(0,k, q), (43)
where Γ+ is the energy scale related to the single-particle tunneling rate for the majority
states in the ferromagnet. Eq. (43) proves that the axial vector if × f ∗ couples directly to
the magnetization m and is, therefore, a valid observable characterizing the magnetism of
the Cooper pair condensate.
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The case of NCSs is special because Eqs. (42) and (43) appear to be an even and an odd
functions of the superconducting phase gradient q. This is easy to see from the expressions
for the f vector and pair spin polarization obtained earlier [see Eqs. (27) and (34)]. The
resulting dependence G(q) offers a way to detect the magnetoelectric effect in NCSs by
measuring the AR conductance versus the bias current. The detection scheme relies on the
fact that Godd(q) makes the total AR conductance G(q) asymmetric under a reversal of the
current direction, q → −q. The difference between G(q) and G(−q) is simply twice the
odd term
∆G(q) = G(q)−G(−q) = 2Godd(q). (44)
This result demonstrates the magnetoelectric switching of the AR conductance by the su-
percurrent [78]. The switching effect can be characterized by the relative change in the
conductance
∆G(q)
G(0)
=
2Godd(q)
Geven(0)
=
2m ·∑k if(0,k, q)× f ∗(0,k, q)∑
k ‖f(0,k, 0)×m‖2
, (45)
where G(0) = Geven(0) is the conductance value at zero bias current. Inserting Eqs. (27)
and (34) into (45) and averaging over the k directions (see Appendix A), we can cast the
conductance ratio as
∆G(q)
G(0)
=
4c
N
3−N
1−Nm
2
z − 1
(m ·Ωq), (46)
where c
N
is a constant absorbing the integrals over the wave-vector length k:
c
N
=
∫ ∞
0
ξ′k∆
′2
k
Π2k
kN+1dk
/∫ ∞
0
ξ′
2
k ∆
′2
k
Π2k
kN+1dk. (47)
In particular, for the Rashba and cubic NCSs, Eq. (46) yields
∆G(q)
G(0)
= −4αso

c2
m2z+1
z · (m× q), Rashba NCSs,
c3(m · q), cubic NCSs.
(48)
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IV. DISCUSSION AND CONCLUSIONS
The conductance asymmetry in Eq. (46) is a signature of the magnetoelectric charge-spin
conversion in the NCS where a dissipationless charge current generates a Zeeman-like field
Ωq that couples directly to the ferromagnetic magnetization m. The coupling is mediated
by AR involving both charge and spin transfer and is quite universal in the sense that the
material parameters are absorbed into a single constant c
N
in the prefactor of Eq. (46). The
constant c
N
is of the order of the inverse largest energy of the problem, which is typically
the Fermi energy µ.
A striking feature of the magnetoelectric switching effect is its strong dependence on the
relative orientation of the supercurrent and magnetization, which, in turn, depends on the
type of a structural or crystal lattice asymmetry [see Eq. (48)]. For the Rashba NCSs, the
switching effect is largest when the magnetization is perpendicular to both supercurrent and
interface, while for cubic NCSs the maximum switching ratio is attained for parallel m and
q. In any case, the relative conductance change can be estimated as∣∣∣∣∣∆G(q)G(0)
∣∣∣∣∣ ∼ 4αso|q|µ . (49)
In order to have an analytically tractable model, we had to work in the linear approximation
with respect to the q which was treated as a small perturbation. However, the fact of the
conductance asymmetry is independent of that approximation. It is inherent to NCSs where
the axial vector if(0,k, q) × f ∗(0,k, q) must vanish for q = 0 by time reversal symmetry.
Generally, the conductance ratio (45) can attain sizable values provided that no pair breaking
takes place and the SOC constant αso is sufficiently large.
In a fully gapped NCS, |q| is limited by the value at which the Cooper-pair kinetic
energy h¯v
F
|q| reaches the smallest of the energy gaps, ∆min. Therefore, qualitatively
|∆G(q)/G(0)| ∼ 4Eso∆min/µ2, where Eso = αsokF is a characteristic band splitting en-
ergy. From the available numbers Eso ≈ 100 meV and ∆min ≈ 1 meV for fully gapped NCSs
[6], one arrives at the estimate |∆G(q)/G(0)| ∼ 400 (meV)2/µ2. That is, the favourable
experimental regime is when the Fermi energy µ < 100 meV.
The role of the ferromagnet spin polarization deserves separate comment. Although very
helpful, the choice of the half-metallic ferromagnets is not crucial for understanding the
present work. The equal-spin AR and the odd-parity conductance occur for any degree of
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the spin polarization. For a partially polarized ferromagnet, there would be an opposite-
spin AR contribution to the even-parity conductance, which would predictably reduce the
conductance ratio (45). Besides, the odd conductance (43) would acquire a contribution
from the minority spin subband that comes with the negative sign, so the result would be
proportional to the ferromagnet spin polarization at the Fermi level.
In conclusion, this paper has established a link between the mixed-parity order parameter,
charge-spin conversion and Andreev tunneling in NCSs. This could help to identify the
symmetry of the order parameter in NCSs, using transport measurements. The established
link between Andreev tunneling and nonunitary triplet pairing is valid beyond the immediate
context of this paper. With some modifications the presented theory can be implemented for
transport characterization of the unconventional triplet superconducting states in LaNiGa2
(see Refs. [79, 80]) and ferromagnetic SrRuO3/Sr2RuO4 junctions (see Ref. [81]).
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Appendix A: Calculation of average pair spin polarization (34) and magnetoelectric
switching ratio (46)
We begin by averaging Eq. (31) over the directions of the wave-vector k:
if(0,k, q)× f ∗(0,k, q) = 8∆
′2
k ξ
′
k
Π(0,k, 0)2
Ωk × (Ωk ×Ωq). (A1)
It is convenient to write the double vector cross product in terms of the scalar ones:
Ωk × (Ωk ×Ωq) = Ωk(Ωk ·Ωq)−Ω2kΩq, (A2)
and, then, average the Cartesian components of Eq. (A2) as follows
Ωk × (Ωk ×Ωq)|a = Ωak
∑
b=x,y...
ΩbkΩ
b
q −Ω2kΩaq (A3)
=
∑
b=x,y...
(ΩakΩ
b
k) Ω
b
q −Ω2k Ωaq, (A4)
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where a and b mean x, y, ..., and Ωa,bk are the Cartesian components of the SO vector Ωk =
[Ωxk,Ω
y
k,Ω
z
k]. Using the identity in Eq. (33), we can write the averaged product in Eq. (A4)
as
Ωk × (Ωk ×Ωq)|a = 1
N
Ω2k Ω
a
q −Ω2k Ωaq (A5)
=
1−N
N
Ω2k Ω
a
q (A6)
=
1−N
N
α2
SO
k2 Ωaq. (A7)
Inserting Eq. (A7) back into Eq. (A1), we find
if(0,k, q)× f ∗(0,k, q)|a = 8(1−N)
N
α2
SO
∆′
2
k ξ
′
kk
2
Π(0,k, 0)2
Ωaq. (A8)
Restoring the vector notations and using Eq. (35), we arrive at Eq. (34) for the average
pair polarization discussed in the main text.
Next we turn to the magnetoelectric switching ratio in Eq. (45) of the main text. We
need to evaluate the k integrals in the conductances Godd(q) and Geven(0). Let us start with
the odd-parity conductance
Godd(q) =
2e2Γ2+
h
V
N
∫ dNk
(2pi)N
m · [if(0,k, q)× f ∗(0,k, q)]
=
2e2Γ2+
h
V
N
∞∫
0
kN−1dk
2piN−1
m · [if(0,k, q)× f ∗(0,k, q)]. (A9)
Here, we converted the sum over k into an integral in the N -dimensional momentum space
(V
N
is the volume of the real space) and separated the integration over the wave-vector
length k from the angle averaging (denoted by the bar). Inserting Eq. (34) for the average
pair polarization into Eq. (A9), we find
Godd(q) =
8e2Γ2+
h
α2
SO
(1−N)V
N
(m ·Ωq)
N
∞∫
0
∆′
2
k ξ
′
kk
N+1dk
Π2kpi
N−1 . (A10)
In the same manner, we can write Geven(0):
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Geven(0) =
2e2Γ2+
h
V
N
∫ dNk
(2pi)N
‖f(0,k, 0)×m‖2
=
2e2Γ2+
h
V
N
∞∫
0
kN−1dk
2piN−1
‖f(0,k, 0)×m‖2. (A11)
The triplet amplitude f(0,k, 0) is given by Eq. (27) for vanishing phase gradient q = 0:
f(0,k, 0) =
2∆′kξ
′
k
Πk
Ωk. (A12)
Hence,
Geven(0) =
4e2Γ2+
h
V
N
∞∫
0
kN−1dk
piN−1
∆′
2
k ξ
′2
k
Π2k
(Ωk ×m)2. (A13)
Then, the angle averaging is done as follows
(Ωk ×m)2 = Ω2k − (Ωk ·m)2 (A14)
= Ω2k −
∑
a,b=x,y...
mambΩakΩ
b
k (A15)
= Ω2k −
Ω2k
N
N∑
a=x,y...
(ma)2 (A16)
= Ω2k
(3−N)m2z − (1−N)
N
, (A17)
where we again invoke the identity in Eq. (33). The case of Rashba NCSs is somewhat
subtle, as the system is 2D, and the summation indices in Eq. (A15) run over x and y only,
while the magnetization vector m is 3D and satisfies m2x + m
2
y + m
2
z = 1. Inserting Eq.
(A17) back into Eq. (A13), we find
Geven(0) =
4e2Γ2+
h
α2
SO
[(3−N)m2z − (1−N)]VN
N
∞∫
0
∆′
2
k ξ
′2
k k
N+1dk
Π2kpi
N−1 . (A18)
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Combining Eqs. (A10), (A18), and (45), we arrive at Eq. (46) for the magnetoelectric
switching ratio discussed in the main text.
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